Introduction {#S5}
============

Much epidemiologic evidence has accumulated to suggest that whole-grain cereals can protect against obesity and type 2 diabetes mellitus (T2DM) ([@R1], [@R2], [@R3], [@R4]). One potential mechanism by which cereal fiber is protective is through its colonic effects via short chain fatty acid (SCFA) production and the resulting decrease in plasma free fatty acid (FFA) concentrations. The SCFA, acetate, propionate and butyrate are the major byproducts of the microbial fermentation of unabsorbed dietary carbohydrate in the human colon ([@R5]). Approximately 100--450 mmol of SCFA are produced daily in the colon from exogenous sources ([@R6]). SCFA are also endogenously produced, as a result of increased fat oxidation ([@R7], [@R8]) and branched chain amino acid and methionine metabolism ([@R9], [@R10]).

The SCFA produced in the colon are readily absorbed and transported to the liver, where they combine with the endogenously produced SCFA from substrate metabolism and reach the systemic circulation ([@R11]). It has been hypothesised that SCFA may play a role in enhancing peripheral insulin sensitivity ([@R12]). Production and absorption rates of colonic SCFA differ between individuals, and the metabolism of SCFA may be abnormal in certain metabolic states. Previous studies have shown that glucose tolerance status affects serum SCFA concentrations in humans who are insulin resistant but nondiabetic ([@R13]). This suggests that insulin resistance may alter SCFA metabolism. In a previous study lower fasting serum acetate (AC) concentrations were observed in participants with high fasting insulin (HI) compared to those with normal insulin concentrations (NI) ([@R14]). It was hypothesized that this may be due to reduced absorption, increased uptake or decreased endogenous production of AC in HI participants. Therefore, this study is aimed at comparing AC uptake in NI and HI participants.

Insulin resistance and T2DM are also associated with elevated FFA concentrations ([@R15]). Oral ingestion ([@R16]) and rectal infusion of AC ([@R17]) leads to reduced serum free-fatty acid (FFA) concentrations and feeding fermentable carbohydrate also reduces serum FFA concentrations ([@R18], [@R19], [@R20], [@R21]). Similar results were observed after inulin ingestion in NI and HI participants in a recent study ([@R14]). But, studies so far have not looked at FFA concentrations after intravenous (IV) infusion of AC in NI and HI participants.

The purpose of this study therefore is to compare peripheral uptake of AC in participants with normal and high fasting insulin concentrations and the ability of IV infusion of AC to reduce FFA in the two groups.

Methods {#S6}
=======

Male or non-pregnant, non-lactating females aged 18--65 with BMI ≥ 20 and ≤ 5kg/m^2^ were recruited from people previously involved in similar studies and their friends. Participants were excluded for any of the following reasons: history of diabetes, cardiovascular disease or bowel, kidney or liver disease; use of medications which affect blood glucose or insulin sensitivity (such as diuretics); use of antibiotics within 3 months of starting the study; or following any unusual dietary practices. Eligible participants were then screened with a fasting blood sample; participants were excluded for any of the following reasons: serum glucose ≥ 7.0 mmol/L, triglycerides ≥ 4.0 mmol/L, hemoglobin \< the lower limit of normal or aspartate transaminase \> 1.5 times the upper limit of normal. Eligible participants were divided prospectively to obtain a group (n=9) with normal fasting serum insulin (FSI\<40pmol/L) and a group (n=9) with high fasting serum insulin (FSI≥40pmol/L). Participants were selected based on FSI because of the positive association between FSI and insulin resistance ([@R22]), and because 40pmol/L represents approximately the 66%ile for healthy participants in our clinical experience. Ethical approval for the study was obtained from the Research Ethics Boards of St. Michael's Hospital, Toronto and the University of Toronto. Participants gave written informed consent to participate in the study.

All tests were conducted at the Clinical Nutrition and Risk Factor Modification Centre (CNRFMC) of St. Michael's Hospital, Toronto. Participants were studied in the morning after 10 -- 14 h overnight fasts. Participants were asked to refrain from alcohol consumption and any abnormally strenuous exercise in the 24 h period prior to the test day. Participants were also asked to consume a low fiber diet for the 24 h period prior to the test day in order to minimise concentrations of systemic acetate originating from colonic fermentation. The following foods were provided to the participants: Eggs, yogurt, cheddar cheese, canned tuna, chicken, white bread, crackers and apple juice. Participants were also allowed to supplement the diet provided with tea, coffee, juices, carbonated drinks, spreads, margarine and oils in cooking. Participants were instructed not to consume whole grain breads and cereals, vegetables and fruits.

On the day of the test, participants collected 2 fasting breath samples. An indwelling IV catheter was inserted into a superficial forearm vein and kept patent with normal saline and fasting blood samples were collected. A peripheral IV line was inserted into a vein on the dorsum of the subject's other hand and participants were then given an IV infusion of acetic acid over a 90 minute period. The IV solution contained 140 mmol/L sodium acetate and was freshly prepared by the St Michael's Hospital Research Pharmacy, Toronto, on the morning of the test. The infusion was given using a Baxter Flo-Gard 6201 infusion pump (Baxter Healthcare Corp, Deerfield, IL). The pump was programmed to deliver the infusion in 3 different steps. The initial infusion rate was 1.73 mL/min from 0--30 min; the rate was increased to 3.53 mL/min from 30--60 min; and further increased to 7.08 mL/min from 60--90 min. The infusion rates and volumes administered are shown in [Table 1](#T1){ref-type="table"}. On a typical western diet the average intake of dietary fibre is \~20g/day this corresponds to a colonic SCFA production of \~300mmol/24h of which \~60% (180mmol) is acetate. The total amount of AC infused was 51.85 mmols. This is equivalent to roughly one-third the amount of AC produced daily in the human colon on a typical western diet. Additional blood samples were collected at 20, 25, and 30 minutes after the start of each infusion rate, for a total of 12 blood samples (including the 3 fasting samples). These samples were analyzed for SCFA and FFA.

All participants also had an oral glucose tolerance test (OGTT) performed after an overnight fast. The participants consumed a test drink containing 75 g glucose (Grain Process Enterprises Ltd, Scarborough, ON) dissolved in 300 mL of water. They consumed the test drink over 5 min, and were given an additional 200 mL of water to drink over 15 min. Blood samples were collected at 0 min and at 30, 60, 90, 120, 180, and 240 min following consumption of the test drink for the measurement of glucose, insulin, free fatty acids. The OGTT done by the participants has been reported in a different form in a previously published study ([@R14]).

Whole blood for FFA, SCFA, glucose and insulin measurements were collected in red top Vacutainer^™^ tubes containing no substrates (Becton Dickinson, Franklin Lakes, NJ). Blood samples were allowed to clot at room temperature, centrifuged at 600×g for 15 min at 4°C, and the serum aliquoted and stored at −70 °C before analysis. FFA were measured by an enzymatic technique that used acylCoA oxidase (Wako Diagnostics, Wako Chemicals, USA, Inc) (inter-assay CV of \<1.5%). SCFA were measured by gas chromatography after micro filtration and vacuum distillation as previously described ([@R14]). Serum glucose was measured by a glucose oxidase method (SYNCHRON LX Systems, Beckman Coulter, Brea, CA) (inter-assay CV 1.9%), insulin using the Beckman Access Ultrasensitive Insulin method (Beckman Instruments, Fullerton, CA) (inter-assay CV 2.5 to 4.3%) and c-peptide by a highly specific double-antibody RIA (Siemens Medical Solutions Diagnostics, Los Angeles, CA) (inter-assay CV ≤ 10%).

Participants collected breath samples using the Easy Sampler ^™^ with tube holder (Quintron Instrument Company, Milwaukee, WI). Methane and hydrogen were measured by gas chromatography (Quintron Microlyzer, Model SC, Milwaukee, WI) in breath samples and simultaneously obtained room air. Breath hydrogen and methane concentrations reported are corrected by subtracting the hydrogen and methane concentrations of room air from that of each breath sample collected. Breath methane and hydrogen concentrations were measured because they are indicators of colonic fermentation.

The clearance rate (ml/min) for AC was calculated from the ratio of AC infusion rate (mmol/min) to steady-state serum AC concentrations (μmol/L). Clearance rate was calculated at each infusion rate and the mean is reported. Three indirect indexes for the assessment of IR were calculated from the oral glucose tolerance test (OGTT). Homeostasis model assessment of insulin resistance (HOMA-IR) ([@R23]) was calculated from fasting values of glucose and insulin. The insulin sensitivity index of Matsuda (ISI Matsuda) is an OGTT index calculated using formulas adapted from euglycemic-hyperinsulinemic clamp studies ([@R24]). The insulinogenic index was calculated as the ratio of the increment in insulin concentration to the increment in glucose concentration.

Statistical analysis was performed with SPSS version 17 for WINDOWS (SPSS Inc., Chicago, IL) using the General Linear Model (GLM) repeated-measures analysis of variance (ANOVA) examining for the main effects of group and time, and interactions between these two effects. Since there were only two groups, post hoc tests were not performed in SPSS. Post hoc analysis using Bonferroni post-tests was done using GraphPad Prism 5 for Windows, Version 5.02 (GraphPad Software Inc., La Jolla, CA) when main effects were identified by ANOVA. The association between two variables was tested by linear regression using GraphPad Prism 5 for Windows, Version 5.02 (GraphPad Software Inc., La Jolla, CA). Differences with P-values ≤ 0.05 (2-tailed) were considered to be statistically significant. The results are expressed as means ± SEM.

Results {#S7}
=======

We studied 11 women and 7 men with a mean (± SEM) age of 36.4 ± 9.0 y and BMI 26.9 ± 3.7 kg/m^2^. Participants with HI had significantly higher waist circumference, serum insulin, triglycerides and total cholesterol/HDL ratio and a significantly lower HDL concentration than NI participants ([Table 2](#T2){ref-type="table"}). Mean fasting breath hydrogen (4.4 ± 0.8) and methane (6.9 ± 1.6) concentrations in all participants indicate low levels of colonic fermentation. Both groups of participants tolerated the IV acetic acid infusion well.

A steady-state concentration was achieved for AC after 20 min at each infusion rate in participants with normal and high insulin ([Figure 1](#F1){ref-type="fig"}). Acetate clearance in participants with normal insulin was not significantly different than that in participants with high insulin (2.11 ± 0.23 vs 2.09 ± 0.24 ml/min). The steady-state plasma concentration of AC was directly proportional to the infusion rate in both groups of participants (NI, r^2^ = 0.999, P = 0.0003; HI, r^2^ = 0.996, P = 0.002) ([Figure 2](#F2){ref-type="fig"}), so AC clearance did not vary by infusion rate in both groups.

FFA responses varied significantly with time in NI and HI participants (p\< 0.001, [Figure 1](#F1){ref-type="fig"}). Also, the FFA responses in NI differed from those in HI and a significant time×group interaction (p = 0.001) was observed ([Figure 1](#F1){ref-type="fig"}). However, despite the significant time×group interaction none of the differences in FFA between HI and NI was significant at any individual time point ([Figure 1](#F1){ref-type="fig"}). Insufficient plasma sample was available for analysis in 2 participants in the NI group, therefore, FFA responses are based on n = 7 in this group.

Glucose, insulin and FFA responses after OGTT varied significantly with time (P \< 0.001). Responses in NI differed from those in HI with a significant main effect of group for insulin (P = 0.03) and a significant time×group interaction for insulin (P = 0.01) and FFA (P = 0.02) ([Figure 3](#F3){ref-type="fig"}). Serum insulin was significantly higher in HI than NI at 90 and 120 min (P \< 0.001 and P \< 0.01, respectively) ([Figure 3](#F3){ref-type="fig"}) and FFA was significantly lower in HI than NI at 180 min (P \< 0.05) ([Figure 3](#F3){ref-type="fig"}).

Acetate clearance, FFA fall and rebound after OGTT and IV AC infusion were correlated with Insulin resistance (IR) indexes, HOMA-IR, Matsuda and Insulinogenic indexes. Acetate clearance was not related to measures of IR. HOMA-IR was not correlated with FFA fall after OGTT but was negatively correlated with FFA fall after IV AC infusion (r = −0.565, P = 0.02) ([Figure 4](#F4){ref-type="fig"}). HOMA-IR was also negatively correlated with FFA rebound after OGTT (r = −0.515, P = 0.04) and IV AC infusion (r = −0.564, P = 0.02) ([Figure 4](#F4){ref-type="fig"}). Matsuda index was not correlated with FFA fall after OGTT and IV AC infusion. Matsuda index was also not correlated with FFA rebound after OGTT but was positively correlated with FFA rebound after IV AC infusion (r = 0.557, P = 0.03) ([Figure 4](#F4){ref-type="fig"}). Insulinogenic index was not correlated with FFA fall after OGTT and IV AC infusion. Insulinogenic index was also not correlated with FFA rebound after OGTT but was negatively correlated with FFA rebound after IV AC infusion (r = −0.500, P = 0.05) ([Figure 4](#F4){ref-type="fig"}).

Discussion {#S8}
==========

Acetate metabolism and kinetics in healthy and T2DM participants has been studied previously by various investigators ([@R25], [@R26], [@R27]). But, studies so far have not compared AC uptake in NI and HI human participants. The main objective of this study was to compare peripheral AC uptake in participants with normal and high fasting insulin concentrations and the ability of AC to reduce FFA in the two groups. The results of this study showed that AC uptake in NI participants was not significantly different than that in HI participants. Our results may also point to FFA metabolism being impaired in insulin-resistant participants after IV AC infusion.

Previous studies have shown that participants with T2DM tend to have an altered AC metabolism ([@R28], [@R29]) and elevated plasma AC concentrations ([@R30]). Intravenous AC infusions to measure AC utilization showed that AC was metabolised at a slower rate in participants with T2DM when compared to healthy participants ([@R27]). Acetate metabolism is impaired in participants with T2DM due to an increased availability of acetyl-CoA from glucose and non-esterified fatty acids ([@R8]). But, participants with impaired glucose tolerance had significantly lower serum AC concentrations over a 12 h period when compared to young normal participants ([@R13]). In a recent study, fasting (27.3 ± 4.7 vs 63.1 ± 11.9 μmol/L, p \< 0.01) and overall mean serum AC over the 4 h study period (22.5±3.7 vs 44.3±6.9 μmol/L, p = 0.001) was lower in HI than NI participants ([@R14]). In the present study using the same group of participants, no significant differences were seen in fasting serum AC concentrations and AC uptake between NI and HI participants. The participants in this study were on a low fiber diet the day before in order to minimise AC production from exogenous sources. Endogenous AC production may thus be similar in the two groups. Therefore, the possibility exists that the lower serum AC concentrations in HI participants seen in the previous study ([@R14]) may be related to differences in AC absorption between the two groups. Future studies need to look at AC absorption in NI and HI participants.

Insulin reduces FFA concentration through its anti-lipolytic effects (inhibition of hormone-sensitive lipase) on adipose tissue ([@R31]). Excessive adipose tissue energy storage results in increased fatty acid flux to other tissues and increased triacylglycerol storage in peripheral tissues, which promotes insulin resistance. Lowering elevated FFA could reduce insulin resistance. In this study, intravenous infusion of AC suppressed plasma FFA in NI and HI participants. This increase in AC availability to the peripheral tissues has important metabolic consequences because AC inhibits lipolysis. Acute alcohol intake has anti-lipolytic properties which decrease plasma FFA concentrations since AC is a metabolite of alcohol degradation. Ethanol consumption leads to a decrease in FFA turnover ([@R32], [@R33]) and concentrations ([@R16], [@R34], [@R35], [@R36]). In vitro ([@R37]) and in vivo studies have shown that the SCFA, AC, when infused intravenously in humans suppresses adipose tissue lipolysis which results in decreased FFA concentrations ([@R8], [@R27]) and feeding fermentable carbohydrate also reduces serum FFA concentrations ([@R18], [@R19], [@R20]). High concentrations of colonic AC that suppress adipose tissue lipolysis may therefore be beneficial and may lead to a decrease in insulin resistance by lowering FFA concentrations. High FFA concentrations cause insulin resistance and β-cell dysfunction therefore, low concentrations of SCFA or the inability of SCFA to regulate FFA may contribute to the development of obesity, insulin resistance and diabetes.

During the OGTT, the rebound in FFA concentrations occurred sooner in NI participants, ie. after 120 min compared to 180 mins in HI participants. The significant correlations between IR indices (HOMA-IR, Matsuda and Insulinogenic Index) vs FFA rebound during IV AC infusion suggest that participants who were more insulin resistant had a lesser FFA rebound. These observations are consistent with metabolic inflexibility in the insulin resistant participants in this study. Metabolic flexibility is the ability to adjust fuel oxidation to fuel availability. It's the capacity to switch from predominantly lipid oxidation and high rates of fatty acid uptake during fasting conditions to the suppression of lipid oxidation and increased glucose uptake, oxidation and storage under insulin-stimulated conditions ([@R38]). Metabolic inflexibility is defined as an impaired capacity to increase fat oxidation upon increased fatty acid availability and to switch between fat and glucose as the primary fuel source after a meal. Normally, healthy muscle switches rapidly from predominantly fat oxidation during fasting to predominantly carbohydrate oxidation in the postprandial state. The uptake of plasma FFA into skeletal muscle was reduced during fasting in participants with impaired glucose tolerance ([@R39]). In obese, insulin-resistant participants, fat oxidation in skeletal muscle was reduced during fasting and after insulin stimulation, fat oxidation was less suppressed ([@R40]). In the present study during IV AC infusion the slower FFA rebound in participants with higher IR indices may point to an altered FFA metabolism and may be due to the presence of metabolic inflexibility in insulin resistant participants. The inability of SCFA to regulate FFA metabolism in insulin resistant participants who show signs of metabolic inflexibility needs to be further studied.

The rates at which we infused acetate, 0.24, 0.49 and 0.99 mmol/L, are likely to be physiologically relevant. It has been estimated that the amount of fermentable carbohydrate entering the colon daily is between 30 to 80g which would yield 300--800mmol of SCFA, or 180 to 540mmol acetate. If fermentation occurred at a constant rate throughout the day, it would yield 0.125 to 0.56 mmol/min acetate. However, since the rate of delivery of carbohydrate to the colon varies by about 30-fold throughout the day, with peaks occurring after meals ([@R41]), the rate of fermentation likely varies throughout the day as reflected in variable serum SCFA concentrations which also peak after meals ([@R13]).

One limitation of the study is that we did not use a control IV infusion of saline. However, in previous studies participants were given oral water or rectal saline infusion on different occasions; neither of these control treatments elicited any biologically or statistically significant change in serum acetate or FFA over 90min ([@R17]). We could also be criticized for not adjusting the infusion rates of acetate for the body weight of the participants. However, this objection is partly overcome by the facts that we obtained plasma steady-state acetate concentrations after each of 3 infusion rates, and that the steady-state concentration was linearly related to the infusion rate. In addition, it is not clear whether it would be more appropriate to adjust for total body weight, or on a measure of body composition since energy requirements (and hence intake) are related to lean body mass while FFA release would presumably be related to fat mass.

In conclusion, this study shows that AC uptake is similar in NI and HI participants. Our results also confirm previous findings that AC suppresses FFA concentrations. The slower FFA rebound observed in more insulin resistant participants after IV AC infusion may point to FFA metabolism being impaired in this group. Thus, the effects of SCFA on FFA metabolism in more insulin resistant participants maybe be different compared to more insulin sensitive participants and this needs to be further studied. Finally, this study supports the hypothesis that increasing AC concentrations in the systemic circulation may reduce lipolysis and plasma FFA concentrations and improve insulin sensitivity.
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![Mean (± SEM) serum acetate and FFA concentration during the intravenous infusion of 140mmol/L of sodium acetate for 90 min in participants with normal insulin (NI) and high insulin (HI) concentrations. No significant differences in plasma acetate concentrations were observed between the two groups. A significant time × group interaction was observed (p = 0.001) for plasma FFA.](nihms4033f1){#F1}

![Linear regression analysis between acetate infusion rate vs steady state acetate concentration for NI (r^2^ = 0.999, P = 0.0003) and HI (r^2^ = 0.996, P = 0.002) participants. The regression lines are depicted in the graph.](nihms4033f2){#F2}

![Mean (± SEM) plasma glucose, insulin and FFA concentrations after oral glucose tolerance test (OGTT) in NI and HI subjects. A significant main effect of time was observed for glucose, insulin and FFA (P \< 0.001). A significant main effect of group was observed for insulin (P = 0.03). A significant group × time interaction was observed insulin (P = 0.01) and FFA (P = 0.02). Within a time point, labelled means without a common letter differ (a vs b, P \<0.001; c vs d, P \< 0.01; e vs f, P \< 0.05; Bonferroni post-test after demonstration of significant main effect of group by ANOVA).](nihms4033f3){#F3}

![Relationships between HOMA-IR, Matsuda and Insulinogenic Index vs FFA fall and rebound after oral glucose tolerance test (OGTT) and intravenous acetate infusion (IV AC) in NI and HI participants. Correlation coefficients for HOMA-IR vs FFA fall: Glucose, NS; Acetate, r = −0.565 (P = 0.02). HOMA-IR vs FFA rebound: Glucose, r = −0.515 (P = 0.04); Acetate, r = −0.564 (P = 0.02). Matsuda Index vs FFA fall: Glucose, NS; Acetate, NS. Matsuda Index vs FFA rebound: Glucose, NS; Acetate, r = 0.557 (P = 0.03). Insulinogenic Index vs FFA fall: Glucose, NS; Acetate, NS. Insulinogenic Index vs FFA rebound: Glucose, NS; Acetate, r = −0.500 (P = 0.05).](nihms4033f4){#F4}

###### 

Infusion Rates and Volumes for Intravenous Acetate Infusion.

  Time                Infusion Rate   Amount of acetate infused per 30 minutes (mmol)          
  ------------------- --------------- ------------------------------------------------- ------ -------
  0 -- 30 min         1.73            51.9                                              0.24   7.27
  30 -- 60 min        3.53            105.9                                             0.49   14.83
  60 -- 90 min        7.08            212.5                                             0.99   29.75
  Total over 90 min   N/A             370.3                                             N/A    51.85

###### 

Characteristics of the normal and hyperinsulinemic participants at the screening visit.

                                     Normal        Hyperinsulinemics   P-value
  ---------------------------------- ------------- ------------------- ---------
  Age (y)                            35.9 ± 3.8    36.9 ± 2.2          0.8
  M:F                                4 : 5         3 : 6               
  Weight (kg)                        71.9 ± 4.9    74.3 ± 3.3          0.69
  BMI (kg/m^2^)                      25.4 ± 1.5    28.4 ± 0.7          0.1
  Waist Circumference (cm)           87.7 ± 2.7    95.1 ± 1.4          0.03
  Systolic blood pressure (mm Hg)    109 ± 3       118 ± 3             0.06
  Diastolic blood pressure (mm Hg)   68 ± 3        77 ± 4              0.08
  Glucose (mmol/L)                   5.0 ± 0.1     5.1 ± 0.2           0.65
  Insulin (pmol/L)                   29.4 ± 2.0    76.7 ± 12.0         0.004
  HCT (L/L)                          0.39 ± 0.01   0.39 ± 0.01         0.91
  AST (U/L)                          18.9 ± 1.3    21.9 ± 1.6          0.16
  CRP (mg/L)                         2.5 ± 1.8     2.7 ± 0.7           0.91
  Cholesterol (mmol/L)               4.7 ± 0.2     5.3 ± 0.4           0.23
  Triglycerides (mmol/L)             0.91 ± 0.12   1.78 ± 0.3          0.02
  HDL (mmol/L)                       1.42 ± 0.06   1.08 ± 0.08         0.004
  TC/HDL                             3.33 ± 0.18   4.93 ± 0.31         0.001
  LDL (mmol/L)                       2.84 ± 0.21   3.39 ± 0.30         0.16

Data are presented as mean ± SEM. Abbreviations: HCT, hematocrit; AST, aspartate transaminase; CRP, C-reactive protein; TC, total cholesterol; HDL, high density lipoprotein; LDL, low density lipoprotein.
